One sentence summary: The early and late B cell responses following primary dengue serotype 2 infection favor serotype-specific clones.
Introduction
Dengue viruses (DENV) transmitted by mosquito vectors are the etiological agents of dengue fever and dengue hemorrhagic fever [1, 2] . It is estimated that DENVs cause 390 million infections annually, mostly in the tropical and subtropical regions of the world [3] . With N100 million apparent cases, DENV infections are the leading cause of pediatric hospitalization in many afflicted countries.
The DENV complex consists of four closely related serotypes (DENV1-4). Following a primary natural DENV infection, high levels of circulating homotypic neutralizing antibodies against the infecting serotype are elicited [4] and maintained for decades [5] , suggesting a contribution to lifelong protection against the infecting serotype. Serotype cross-reactive antibodies also elicited by primary infection are throught to provide transient cross-protection against secondary heterotypic infection with a new serotype [6] . More remote (years) secondary heterotypic infections are associated with a greater risk of developing severe dengue hemorrhagic fever [7] [8] [9] [10] [11] . The increased risk of severe disease in secondary cases appears to be driven, at least in part, by cross-reactive, non-neutralizing antibodies that can enhance viral infection [12] . The temporal relationship between early and late B cell responses and maintenance of serotype specificity following primary DENV infection is incompletely understood.
Plasmablasts are an antibody-secreting B cell population present at low levels in healthy peripheral blood but can increase dramatically in number following infection or vaccination [13] [14] [15] [16] [17] [18] . High levels of plasmablasts have been documented during acute ongoing DENV infection [19] [20] [21] . Later after recovery, long-term protective antibody responses are maintained for many years by antigen-specific memory B cells (MBC) and long-lived plasma cells (LLPC) [22] [23] [24] . Approximately 0.1-0.5% of the MBC in peripheral blood produce DENV-specific antibodies [25, 26] . Previous studies have shown that most DENV-specific MBC produce serotype cross-reactive and poorly neutralizing antibodies. A small fraction of DENV-specific MBC encodes for serotype-specific and strongly neutralizing antibodies [27] [28] [29] [30] . Most strongly neutralizing antibodies bind to complex conformational epitopes of the viral envelope (E) protein that are efficiently displayed on intact virions but not on E protein monomers [25, [31] [32] [33] [34] . The polyclonal LLPC-derived serum antibody response contains both poorly neutralizing cross-reactive antibodies and a small fraction of serotype-specific strongly neutralizing antibodies [25, 28, 31] .
In contrast to the MBC and LLPC responses, the early plasmablast response to primary DENV infection is less clear. Several groups have characterized the early plasmablast response following secondary DENV infections [19, 20, 35, 36] . DENV-specific plasmablasts accounted for 30-50% of circulating B cells during an ongoing secondary infection [19, 35, 37, 38] . In secondary infections, the magnitude of the plasmablast response has been positively correlated with disease severity [35] . In secondary dengue the vast majority of the plasmablast pool is crossreactive [38, 39] and not maintained into convalescence [40] . Here we aim to characterize plasmblablast kinetics, magnitude, and specificity in primary DENV infection.
To longitudinally define the functionality of the plasmablast, MBC, and serum compartments following a primary DENV infection, we analyzed DENV-specific responses in each of these compartments in the same individuals following infection with a DENV2 challenge virus [41] . In this controlled infection model, a primary DENV2 infection stimulated a rapid plasmablast response wherein a large fraction of these cells produced serotype-specific antibodies to DENV2. The dominance of DENV2 serotype-specific antibodies was also observed at late convalescence (6 months after infection) in the MBC and LLPC compartments. Overall, the properties of antigen-specific antibodies in the early phase are also reflected in the late convalescent phase.
Materials and methods

Study participants
For this study, subjects received 10 3 focus-forming units of the partially attenuated DENV2 human infection virus rDEN2Δ30, Tonga/74 strain by subcutaneous injection and followed for six months. Ten subjects were participants in a stand-alone trial for the safety and immunogenicity of rDEN2Δ30/Tonga/74 (CIR286, Clinicaltrials.gov NCT01931176, ref. [42] and nine were participants in the placebo/ challenge arm of a Phase II vaccine/challenge clinical trial to test the safety and immunogenicity of the tetravalent live attenuated dengue vaccine TV003 (CIR287, Clinicaltrials.gov NCT02021968) followed by rDEN2Δ30/Tonga/74 challenge [41] . All subjects were serologically confirmed as flavivirus-naïve at the time of rDEN2Δ30 challenge, as described previously [41] . Studies were approved by the Institutional Review Boards at the University of Vermont and/or Johns Hopkins University. Informed consent was obtained in accordance with federal and international regulations (21CFR50 and ICHE6). External independent monitoring was performed by the National Institute of Allergy and Infectious Diseases Data Safety Monitoring Board every 6 months.
Clinical procedures and collection of samples
At study visits, blood was collected by venipuncture into serum separator tubes for analysis of viremia and serology, and into EDTA tubes for isolation of peripheral blood mononuclear cells (PBMC). Serum was isolated and frozen at -20°C until use. PBMC were isolated by Ficoll-paque density gradient separation, counted and frozen in 10% DMSO/40% fetal bovine serum (FBS) in culture medium and cryopreserved in liquid nitrogen vapor phase.
Virus quantification and serologic response in subjects
Serum samples collected at follow-up visits every other day through day 16 were tested for infectious virus by direct titration on Vero-81 cells (American Type Culture Collection; CCL-81, RRID: CVCL_0059), and foci were detected with serotype-specific monoclonal antibodies as described [43] . Neutralizing antibody responses against DENV1 (WestPac/74), DENV2 (New Guinea C and Tonga/74), DENV3 (Slemen/78), and DENV4 (Dominica/81) were measured by focus reduction neutralization test (FRNT), using the lowest serum dilution that gave a 50% reduction in viral foci (FRNT 50 ) as described [43] . Unless otherwise specified, these viruses were used for determination of DENV2 serotype-specificity and cross-reactivity of antibodies derived from the plasmablasts, MBC, and serum in ELISA or neutralization assays.
Research in context
Evidence before this study Primary natural dengue infections are hypothesized to afford lifelong protection against the infecting serotype, in part, by production of antibodies specific to that serotype, but the ontogeny of this response at the level of B cells is not defined. Accurately determining infection status in and acquiring longitudinal samples from natural primary infection can be problematic. For our study we sought to utilize a controlled human infection model for dengue to define the specificity of the B cell response to primary dengue 2 infection from the acute stage through convalescence. At the onset of our study in 2015 we searched Pubmed (language filter off) for "dengue type 2 infection B cells" and retrieved 15 entries, none of which utilized a controlled human infection model for dengue.
Value added
Our work is the first to clearly show the origins and maintenance of serotype-specificity of the B cell response to primary dengue infection in healthy naïve subjects.
Implications of all available evidence
These findings are relevant to human health because the four serotypes of dengue are a major global health threat. A dengue vaccine that protects against all four serotypes in flavivirusnaïve individuals is urgently needed. These results serve as a baseline against which to evaluate dengue vaccine responses in flavivirus-naïve subjects both in terms of cellular response kinetics, magnitude, and specificity. Reverse transcription, PCR, barcode assignment, sequence assembly, V(D)J assignment, and identification of mutations were performed as described previously [44, 45] with the following modifications: biotinylated oligo(dT) was used for reverse transcription, cDNA was extracted using Streptavidin C1 beads (Life Technologies), DNA concentrations were determined using qPCR (KAPA SYBR® FAST qPCR Kit for Titanium, Kapabiosystems), and a minimum coverage of 10 reads was required from each chain assembly to be included in the sequence repertoires. V(D)J assignment and mutation identification were performed using an implementation of SoDA [46] . Paired H-and L-chain sequences within each rDEN2Δ30 recipient's plasmablast repertoire were assigned to the same lineage if the H-chain V-gene usage, CDRH3 length, L-chain V-gene usage, and CDRL3 length were identical. H-and L-chain CDRs, as defined [47] , were identified by aligning protein sequences to a hidden Markov model [48] . Sequences were further separated into putative lineages based on the degree of identity of the CDRH3 and CDRL3 sequences.
Selection, cloning of antibody genes and expression of monoclonal antibodies from plasmablasts
The different antibody lineages were ranked based on evidence for infection-driven expansion and convergence across subjects as described [49] . Briefly, the criteria used to rank the lineages were (1) the number of distinct plasmablast clones within each lineage indicative of expansion or biased response to the infection, (2) the number of mutations suggestive of affinity maturation, (3) overlap of lineages across the three subjects suggestive of convergent evolution, and (4) clonal lineages with apparent sequence similarity among the lineage's members, indicative of sharing common progenitors. From each of the 96 highest priority lineages, we selected one lineage member for recombinant expression and purification. Selected sequences were either from the plasmablast clone in the lineage with the highest identity to the consensus sequence of the lineage, or from the clone expressed by the greatest number of plasmablasts in the lineage.
The 96 antibody heavy and light chain gene pairs were cloned into mammalian expression vectors (Lake Pharma, Belmont, California). Each complete construct was confirmed by sequencing. A small scale (0.01 L) transient production was done in HEK293 cells that were seeded in a shake flask and expanded using chemically defined serum-free medium. For each antibody, both the heavy-and lightchain encoding DNA constructs were transiently co-transfected into cells. The cells were maintained as a batch-fed culture until the end of the production. The proteins were purified using Protein A purification. The conditioned media from the transient production run was harvested and clarified by centrifugation and filtration. The supernatant was loaded into a Protein A column pre-equilibrated with binding buffer. Washing buffer was passed through the column until the OD 280 value (NanoDrop, ThermoScientific) was measured to be zero. The target protein was eluted with a low pH buffer; fractions were collected and filtered through a 0.2 μm membrane filter. The antibodies were in 200 mM HEPES, 100 mM NaCl, 50 mM NaOAc, pH 7.0 buffer. Protein concentration was calculated from the OD 280 value and the calculated extinction coefficient. The average yield was 0.117 mg and the median yield was 0.08 mg. Ninety two of the 96 selected IGH/IGL pairs yielded sufficient protein for functional testing.
Memory B cell isolation and immortalization
Switched memory B cells were isolated from cryopreserved PBMC collected on day 180 following rDEN2Δ30 challenge. After thawing, PBMC viability was N80% as assessed by lack of DAPI staining (4, 6-diamidino-2-phenylindole, 5 μg per sample in PBS -analyzed by flow cytometry on a Miltenyi VYB auto-sampler). B cells were enriched by labeling PBMC with microbead-conjugated anti-CD22 antibody (Miltenyi, catalog no. 130-046-401) followed by magnetic field separation (Miltenyi MS columns) to an average purity of 85%. Switched memory B cells were purified from CD22-enriched B cells by labeling with anti-CD3 (UCHT1, FITC, Biolegend), anti-CD19 (HIB19, PE-Dazzle594, Biolegend), anti-CD27 (O323, PE-Cy7, Biolegend), and anti-IgM (MHM-88, PerCP-Cy5.5, BioLegend). Cells were sorted into complete culture medium (see below) by FACS from the live lymphocyte (FSC x SSC) gate for CD3 -
CD19
+ CD27 + IgM -cells on a BD FACSAriaIII using the BD FACSDiva software. Post-sort purity was ≥ 95%. Purified memory B cells were immortalized with the introduction of BCL-6 and Bcl-xL using retroviral transduction as previously described [50] . Briefly, purified memory B cells were activated in a 24-well tissue culture-treated plate with 1 mL of Iscove's Modified Dulbecco's Medium (IMDM) (Gibco, ThermoFisher) containing 8% FBS (Atlanta Biologicals), penicillin (100 units/mL, Gibco), streptomycin (100 μg/mL, Gibco), 
mAb cloning from immortalized MBC
Selected DENV2-specific polyclonal cultures were single-cell sorted into monoclonal cultures (same mode as above) and grown on CD40L and rhIL-21 and then screened as above after three weeks. DENVspecific monoclonal cultures were further qualitatively tested for neutralization of DENV by incubation of virus with 30 μL of culture supernatants prior to infection of Vero cells and assessment of neutralizing activity by microneutralization assay (see below). From frozen cell pellets of monoclonal cultures we isolated RNA, performed nested PCR for IGH and IGL genes and sequenced using specific primers as described [51, 52] . Sequences were input into IgBLAST (https://www.ncbi.nlm. nih.gov/igblast/) and compared to germline to determine variable heavy and light chain usage, V(D)J gene usage, somatic hypermutations, complementary determining region (CDR)3 sequence, and IgG subtype. We cloned the VH into human IgG1 (Genbank FJ475055) and VL into Ig-λ or Ig-κ expression vectors (FJ517647, FJ475056, respectively). Heavyand light chain-encoding plasmids were verified by sequencing and cotransfected into HEK-293F cells (RRID: CVCL_6642) to produce mAbs as described [51, 52] .
rDENV epitope-mapping viruses
Recombinant viruses are constructed using a four-cDNA cloning strategy as described previously [53] . Briefly, the rDENV4/2 was created by introducing the envelope protein (E) domain III (EDIII) residues from DENV2 into the DENV4 A subclone (Sri Lanka 1992; GenBank KJ160504. 1) and replacing E nucleotides 900 to 1179 with the corresponding nucleotides encoding variant DENV2 amino acids [53] . rDENV2/1 was also obtained in a similar fashion on a DENV2 S16803 infectious clone backbone. The human monoclonal antibody (hmAb) 1F4 is a strongly neutralizing serotype DENV1-specific antibody. Using cryo-electron microscopy, the footprint of hmAb 1F4 has been mapped to a quaternary epitope that spans the E monomers of a dimer near the envelope domain I/II hinge region. The DENV1 1F4 epitope was transplanted into the DENV2 (S16803) infectious clone by changing 30 amino acids in DENV2 to their counterparts in DENV1. The transplantation results in a virus, rDENV2/1, which maintains DENV2 serotype-specific hmAb 2D22 neutralization, and fully gains hmAb 1F4 neutralization. The fulllength cDNAs were transcribed into genome-length RNAs using T7 polymerase, as previously described [53] [54] [55] . These transcripts were electroporated into C6/36 cells (RRID:CVCL_Z230), and cell culture supernatant containing viable virus was harvested. Virus was passaged twice on C6/36 cell monolayer cultures and stored at 80°C. Passage 3 virus was used as our working stock.
ELISAs to detect virus, rE and rEDIII-binding antibodies
Non-chimeric viruses used in the ELISA screens and neutralization assays were grown in Vero-81 cells at 37°C, as previously described [26] . Recombinant envelope protein (recE) (80% of E protein) from WHO reference DENV2 S16803 strain was produced in our laboratory or purchased from Hawaii Biotech, Inc. [56] . Recombinant EDIII protein from DENV2 was produced in our laboratory as described previously [57] . For detection of IgG reactive to whole DENV by ELISA, each batch of each serotype was titrated separately by ELISA using a fixed amount of highly-cross reactive serum sample (DT000) to achieve OD 405 = 1.0 to normalize among serotypes and among batches in ELISA assays. Equivalent quantities of DENV virus was captured by plate-bound mouse anti-E mAb 4G2 overnight at 4°C. Recombinant E proteins were directly coated (rE -100 ng/well; rEDIII -200 ng/well) on ELISA plates overnight at 4°C [53] . Plates were blocked with 3% (vol/vol) normal goat serum (Gibco -ThermoFisher, USA), in Tris-buffered saline (TBS) containing 0.05% (vol/vol) Tween 20 (blocking buffer). Plasmablast-derived IgG1 mAbs were tested at a fixed concentration of 20 μg/ml. 50 μL of polyclonal supernatant from immortalized memory B cells was tested. Following four washes, alkaline-phosphatase conjugated secondary anti-human IgG antibodies were used to detect binding of primary antibodies with p-nitrophenyl phosphate substrate, and reaction colour changes at OD 405 were quantified by spectrophotometry.
Determination of quality of neutralizing antibodies by depletion of immune serum with DENV viruses
To determine whether DENV2 serotype-specific or cross-reactive antibodies contribute to overall neutralization of immune serum, we performed antibody depletion studies as previously described [26] . The WHO reference strains for purified viral antigens are as follows: DENV1 (American genotype; strain West Pac74), DENV2 (Asian genotype; strain S16803), (provided by Robert Putnak, Walter Reed Army Institute of Research, Silver Spring, MD). These viral antigens were used for performing the depletions and also further used for confirmation ELISA and neutralization assays.
Purified DENV was adsorbed onto 4.5-μm-diameter polystyrene microspheres (Polysciences, Inc.) at a bead (μL) to ligand (μg) ratio of 5:2. Polystyrene beads were washed three times with 0.1 M borate buffer (pH 8.5) and incubated with the relevant purified DENV (DENV2 for homotypic depletions and DENV1 for heterotypic depletions) overnight at room temperature (RT). Control beads were incubated overnight with an equivalent amount of bovine serum albumin (BSA). The control and virus-adsorbed beads were blocked with BSA (10 mg/ml)-borate buffer for 30 min at RT three times and washed four times with phosphate-buffered saline (PBS). DENV2 immune sera from the three selected subjects were depleted of virus-specific antibodies by incubating the samples with virus-adsorbed beads for 1 h at 37°C with endover-end mixing. Samples were subjected to at least three sequential rounds of depletions before successful removal of the respective antibodies was confirmed by ELISA. The ability of the depleted samples to neutralize viruses of all of the four serotypes was tested after the confirmation ELISA. Neutralization capacity of the depleted DENV2 immune sera were measured using a flow cytometry-based neutralization assay with U937-DC-SIGN cells as previously described [31] .
Vero microneutralization assays
We adapted the FRNT as previously described [53] to a 96-well format [58] . 96-well plates were coated with 2 × 10 4 Vero-81 cells/well and incubated at 37°C for 24 h. Neutralization titers were determined by three-fold serial dilutions of sera mixed with 50-100 focus forming units per well in DMEM/F-12 supplemented with 2% FBS. Neutralization activity of mAbs was tested similarly over a range of 1-1000 ng/mL. The antibody-virus mixtures were incubated at 37°C for 1 h before transferring to the 96-well plates containing confluent Vero-81 monolayers.
Following an additional 1 -h incubation at 37°C, the monolayers were overlaid with Opti-MEM (Gibco, ThermoFisher) containing 2% FBS and 1% (wt/vol) carboxymethyl cellulose (Sigma). Infected plates were incubated for 2 days at 37°C with 5% CO 2 , followed by fixation with 50 μl 4% paraformaldehyde for each well. Fixed cells were then permeabilized and blocked with non-fat dried milk in permeabilization buffer. Then the plates were incubated with a mix of 4G2 and 2H2 primary antibodies for an hour at 37°C, washed, followed by secondary horseradish peroxidase (HRP)-conjugated anti-mouse IgG (KPL) for an hour at 37°C, washed again, and developed with True Blue peroxidase substrate (KPL). The reaction was stopped with water and the plates were air dried before counting the foci on an Immunospot® S6 analyzer (Cellular Technology Limited) using the Immunospot® double count software.
We calculated IC 50 values by using the sigmoidal dose response (variable slope) equation of Prism 6 (Graph Pad Software). Reported values were required to have an R 2 N 0.75, a hill slope N 0.5, and an IC 50 within the range of the dilutions.
Results
We utilized a human DENV infection model to analyze the B cell and serum antibody responses to DENV infection. The human infection model is based on challenging subjects with a partially attenuated strain of DENV2 (rDEN2Δ30/Tonga/74). A complete description of the virologic and clinical features of this model has been published [41, 42] . Healthy, flavivirus-naïve subjects infected with rDEN2Δ30 were followed over a six-month period (Fig. S1 ).
Plasmablast response to rDEN2Δ30 in flavivirus-naïve subjects
We first focused on plasmablasts, a population of antibody-secreting B cells that transiently increases in the blood early after viral infections [13] including DENV [19, 20, 35, 36] . To determine whether a plasmablast increase was induced in the primary DENV2 infection model, we assessed the frequencies of CD19 + CD20
-CD27 + CD38 hi cells in cryopreserved PBMC of twelve subjects infected with rDEN2Δ30.
Plasmablast levels increased beginning at day 8 post-infection, peaked at day 14 and waned by day 21 (Fig. 1A, Fig. S2A ), ranging 1.5-20% of the total CD19 + B cell population among subjects, and expanding on average 8.7-fold (range 2.5-30-fold) from day 0 to peak response (Fig. S2A) . We assessed the percentage of peripheral B cells in total PBMC to determine whether change in plasmablast percentage was a function of total B cells. Generally, the percentage of peripheral B cells remained stable before and throughout the 6-month period following the infection (Fig. 1B, Fig. S2B and S3 ). In people exposed to natural DENV infections, plasmablast levels have been correlated with peak viral titer [19, 59] . Similarly, in this challenge model, the peak viral load was positively correlated with the plasmablast increase (Fig. 1C) . We observed a weak correlation between changes in the plasmablast levels and peak serum neutralizing antibody titer (Fig. 1D) , although the degree of correlation did not reach significance (P =0 .07).
The plasmablast response to primary DENV2 infection is clonally expanded, and exhibits convergent evolution across subjects
For three individuals across a range of rDEN2Δ30 viremia and plasmablast dynamics (Table 1) we performed in-depth longitudinal assessment of plasmablasts, MBC and serum antibodies in the same subjects over time. To characterize the plasmablast antibody repertoire, plasmablasts from each individual were single-cell sorted into 96-well plates on the basis of cell-surface staining for CD19 + CD20-
A DNA barcoding method was utilized to obtain the paired heavy-and light-chain antibody sequences from a total of 1690 individual cells from the three subjects (Table S1 ) [44, 60] . Phylogenetic trees of the plasmablast repertoires from the subjects were generated based on sequence homology of the paired heavy-and light-chain sequences (colored branches indicate heavy chain variable gene usage, Fig. 2A ). Only 0.6% of these cells expressed naïve, unmutated antibodies (data not shown). The remaining plasmablasts exhibited an average rate of 34 nucleotide mutations per VH and VL pair (Fig. 2B) , resulting in an average of 21 amino acid replacements across VH and VL per cell per subject (not shown).
Examples of clonally expanded plasmablast lineages were observed in all three subjects. The 1690 IGH/IGL pair sequences represented 923 lineages based on nucleotide sequence (clonal) similarity (Fig. 2C) . A quarter of the lineages (211 of 923) were represented by at least two plasmablasts and were considered to have undergone proliferative expansion (i.e. in vivo selection). While the majority of blood plasmablasts sequenced (978/1690, 58% of total) belonged to expanded lineages, the remainder of the cells (712/1690, 42% of total) belonged to lineages comprising only one cell (singletons) ( Table S2 ). Of the expanded lineages, we identified 48 lineages exhibiting convergent evolution. Members of convergent lineages shared germline IGHV/IGLV genes, CDRH3 and CDRL3 lengths, and exhibited ≥75% identity across the mature VH or VL peptide. An example of these convergent IGH/IGL pairs is shown in Fig. 2D . Taken together, these data show that primary DENV2 infection elicited a diverse pool of plasmablasts exhibiting clonal expansion, somatic hypermutation, and population of convergent lineages shared among subjects.
Binding properties of plasmablast-derived antibodies
To estimate the extent to which plasmablasts that expanded following primary DENV2 infection were able to recognize viral antigen, we selected 96 IGH/IGL pairs for recombinant expression and testing for DENV binding and neutralization (Fig. 2C) . This number was chosen as a balance between adequate coverage of the expanded lineages (96 of 211, or 45%), resources, and compliance with a microplate-based cloning procedure. Within this group of expanded lineages selected for functional testing, we identified 12 convergent lineages (Fig. 2E, Table S3 ). 92 sequences yielded sufficient protein for further testing. These 92 lineages contained a total of 741 cells, which is 76% of the total number of cells in the 211 expanded lineages (978 cells) in the dataset (Table S2) . Although all 92 antibodies were recombinantly expressed as IgG1, they were derived from native antibodies that were either IgG1 (83/92, 90%), IgG2 (3/92, 3%), or IgG3 isotypes (6/92, 7%). The final testing selection included mAbs from all three subjects, with 11 convergent sequences shared between at least two subjects (Fig. 2E) . Forty five percent (41/ 92) of the recombinantly expressed antibodies bound to DENV2 Tonga/74 antigen (Fig. 3A) . Of the DENV-binding antibodies, 32% were DENV serotype cross-reactive while 68% bound only to DENV2 (serotype-specific) (Fig. 3B) . Of the eleven convergent sequences, six antibodies (55%) bound DENV2 antigen and one was neutralizing (Table S3 ). In addition, for each subject, we determined the percentage of plasmablasts in lineages producing DENV-binding antibodies among the total plasmablasts in lineages selected for recombinant expression (Table S2) . In subjects 010, 025 and 038, the proportions of the plasmablasts in DENV-positive lineages were 32%, 70%, and 60% respectively. On the whole, the lineages we tested for binding that contained DENV2 reactive clones represented 54% of the plasmablasts among plasmablasts in all tested lineages.
Next, we compared the binding of the DENV2 serotype-specific mAbs to different strains of DENV2 represented by Tonga/74 (challenge strain, American genotype), New Guinea C (Asian genotype II), S16803 (Asian genotype I) and Nicaragua 694 (Asian/American genotype). Fifty six percent (14/25) of the tested DENV2 serotype-specific antibodies bound exclusively to Tonga/74 strain, while the remaining antibodies bound to at least two DENV2 strains (Fig. 3B ). These results demonstrate that the early plasmablast response to primary DENV2 infection is a mixture of DENV serotype-specific and cross-reactive antibodies. Furthermore, nearly half the serotype-specific antibodies are strainspecific and recognize epitopes displayed on the DENV2 Tonga/74 virus but not other closely related DENV2 strains.
Mapping epitopes recognized by DENV-specific plasmablast-derived antibodies
We performed more detailed mapping studies with the DENV2 serotype-specific antibodies. Using recombinant proteins and chimeric virus reagents based on the DENV2 S16803 strain, we mapped the epitopes of 9 DENV2 serotype-specific antibodies that bound to S16803 (out of the 25 serotype-specific clones that bound to DENV2 Tonga/ 74). The majority (8/9) of these serotype-specific mAbs did not bind to recombinantly expressed E protein (recE) monomers derived from the same strain, indicating that quaternary structure E epitopes displayed on intact virions are likely targets of these antibodies (Fig. 3B) . The one serotype-specific antibody that bound recE recognized a simple epitope on EDIII (data not shown). We also tested the 13 DENV cross-reactive antibodies for binding to recE. Fifty-four percent (7/13) of these antibodies bound to recE demonstrating that some cross-reactive antibodies bound to simple epitopes on monomeric E protein, while others recognized prM protein or E protein epitopes displayed only on intact virions (Fig. 3C) .
To further map epitopes targeted by the DENV2 serotype-specific antibodies, we performed binding assays using recombinant chimeric DENV viruses with mutated E glycoproteins. rDENV4/2 is a DENV4 strain in which the entire DENV4 EDIII has been replaced with EDIII from DENV2-Nicaragua 694 (Fig. 3D ). This recombinant virus has been used to map the binding of serotype-specific antibodies that target simple or complex epitopes centered on DENV2 EDIII [53] . rDENV2/1 is a DENV2 (S16803) virus in which residues in EDI and the hinge region between EDI and EDII have been mutated to display epitope for the DENV1 serotype-specific and neutralizing human antibody 1F4 (Fig. 3E) . We, therefore, selected 8 mAbs that recognize both the S16803 and Nicaragua-694 strains for analysis. Four of the 8 mAbs directed at DENV2-specific quaternary epitopes (Fig. 3B) showed binding to rDENV4/2 and showed no appreciable loss of binding to the rDENV2/1 strain, establishing quaternary epitopes centered on DENV2 EDIII as the main target of binding (Fig. 3F, shown in blue) . One mAb was DENV2 recE-reactive and targeted simple monomeric epitopes on recombinant EDIII (Fig. 3F, indicated in red) . The remaining three mAbs bound to rDENV2/1 but not to rDENV4/2 indicating that residues on EDIII or the EDI/II hinge region were unlikely to be critical residues for binding (Fig. 3F, shown in green) . Overall, these results demonstrate that most plasmablast-derived cross-reactive mAbs targeted simple epitopes on recE protein whereas the serotype-specific mAbs recognize quaternary structure epitopes centered on EDIII, including novel regions that do not map to known DENV2-specific mAb epitopes such as that of 2D22 [61] .
Functional neutralization of DENV2 by plasmablast-derived mAbs
We tested all DENV-binding mAbs in a DENV2 neutralization assay and identified five neutralizing mAbs, with potencies (assessed by IC 50 concentrations) ranging 50-1700 ng/mL (Fig. 4A) . Four of five were DENV2 serotype-specific (Table 2) , including mAb 1662, with a potency that rivals 2D22, a strong DENV2-neutralizing mAb [31] . These five neutralizing mAbs were not DENV2 Tonga74 strain-specific. Four of five mAbs bound to all the DENV2 strains/genotypes tested in the study. Only one mAb (1615) did not bind to S16803 strain but bound to all other strains. Moreover, the three serotype-specific neutralizing mAbs that bound to epitopes on whole DENV2 virions and not to recE showed gain of binding to rDENV4/2 virus and did not lose binding to rDENV2/1. These results show that the three serotype-specific neutralizing mAbs targeted quaternary epitopes in the EDIII region. In Fig. 4B-D, we mapped all DENV2 serotype-specific, cross-reactive and neutralization hits from each of the three subjects to the phylogenic plasmablast trees but were unable to discern particular VH usage or clonal lineage characteristics predictive of functional activity.
Memory B cells following DENV2 primary infection
Our next objective was to evaluate the properties of memory B cells (MBC) six months after primary DENV2 infection in these three subjects. We utilized previously described genetic reprogramming approach based on retroviral transduction of the germinal center master regulator B cell lymphoma (BCL)-6 and the anti-apoptotic protein BCL-xL (together known as 6XL) to immortalize MBC from the three subjects [50] . To estimate the fraction of the MBC producing DENVbinding antibodies, we screened immunoglobulin-containing culture supernatants from 6XL-transduced cells by DENV capture ELISA (Fig. S4, Table S4 ) [26, 31] . The frequencies of DENV-specific MBC were calculated using the number of positive cultures and the total number of transduced B cells sorted. We estimated an average 0.4% (219/ 52800) of total MBC to be DENV-specific, with the highest responder, subject 287.03.025, exhibiting a frequency of 0.74% (89 positive cultures out of 12,000 total 6XL + cells plated) DENV2-reactive MBC followed by 287.03.010 with a frequency of 0.34% (98 positives out of 28,800 6XL + cells), and 287.03.038 with a frequency of 0.28% (32 positives of 12,000 6XL + cells) (Fig. 5A ).
Binding specificity of MBC-derived antibodies
We screened the 219 DENV2-binding MBC culture supernatants from these three subjects to determine the extent to which these antibodies cross-reacted with other DENV serotypes. We found both serotype-specific MBC and cross-reactive MBC with bi-, tri-, and tetravalent reactivities. The serotype-specific fraction of the DENV2-reactive MBC response was donor-dependent; and across three subjects, an average of 60% of DENV2-reactive MBC was DENV2 serotypespecific and 40% was cross-reactive with DENV2 and at least one other serotype (Fig. 5B) .
From one of the subjects (287.03.010) we isolated four DENV2-specific mAbs, one of which neutralizing, that represented four distinct lineages (Table S5) . None of these paired IGH/IGL sequences was identified in the plasmablasts sampled from this subject. This lack of clonal overlap between the two B cell compartments has been observed in a prior study of secondary dengue [40] . Taken together, these data demonstrate the functional maintenance of serotype-specific humoral response in convalescence following primary DENV infection. Of those mAbs that bound to the WHO reference S16803 strain, the proportion that bound to S16803-derived recE are shown (right). (C). Proportion of cross-reactive mAbs which bind to recE are depicted. (D) Structural model of DENV4 E protein dimer, with swapped residues from EDIII of DENV2 (Nicaragua-694) colored in green to represent the rDENV4/2 (DENV2 EDIII virus) E glycoprotein and the DENV2 serotype-specific mAb 2D22 escape mutant residues highlighted in magenta. (E) Structural model of DENV2 (S16803) E protein dimer with DENV1-derived EDI and EI/II hinge residues swapped colored in green to represent the rDENV2/1 virus E glycoprotein. (F) Eight DENV2-specific mAbs binding to S16803 and Nicaragua-694 DENV2 viruses were tested for binding to recombinant EDIII (derived from S16803) as well as rDENV4/2 and rDENV2/1 chimeric viruses. The number and proportion of mAbs that bound to the indicated antigens is shown. Q: quaternary epitope-targeting mAbs.
Quality of the convalescent polyclonal serum neutralizing antibodies following DENV2 infection
Next, we characterized the properties of convalescent stage (6 months after infection) serum neutralizing antibodies. All three subjects developed neutralizing antibodies that neutralized DENV2 but not DENV1, 3 and 4 (Fig. 6A) . The immune sera efficiently neutralized the infection DENV2 strain (Tonga/74) as well as two other strains belonging to different DENV2 genotypes (NGC and S16803) (Fig. 6B, Table S6 ). We performed antibody depletion studies to further define levels of DENV2 serotype-specific and cross-reactive neutralizing antibodies. Polystyrene beads coated with the homotypic (DENV2) or heterotypic (DENV1) serotypes were incubated to deplete specific populations of antibodies. Depletion of antibodies was confirmed by ELISA before using the samples in neutralization assays (data not shown). Depleting the Day 180 serum samples with the homotypic DENV2 antigen led to the removal of nearly all the DENV specific (DENV2 serotype-specific and cross reactive) antibodies in the samples as well as a significant loss of neutralizing activity. When only the DENV serotype cross-reactive antibodies were depleted in each sample (depletion with DENV1 antigen), there was minimal reduction in neutralization of DENV2 (Fig. 6C-E) . On average ~89% of the serum neutralizing activity tracked with DENV2 serotypespecific antibodies (Fig. 6F) .
To further characterize the epitopes targeted by the DENV2 serotype-specific neutralizing antibodies elicited by the rDEN2Δ30 infection, we performed neutralization assays using the rDENV2/1 and rDENV4/2 viruses. We also performed the assays with an additional panel of ten serum samples collected from individuals who received the rDEN2Δ30 challenge. Samples collected 180 days after infection were tested for neutralization capacity against the rDENV2/1 and rDENV4/2 and parental viruses (Fig. 7) . All of the tested samples neutralized DENV2 well, and DENV1 and four poorly. The rDENV2/1 virus displaying the DENV1 1F4 epitope was neutralized at the same level as DENV2, demonstrating that the EDI region on DENV2 disrupted by the DENV1 1F4 epitope transplant were not a major target of neutralizing antibodies induced in people infected with the rDEN2Δ30. The neutralizing antibody response induced by rDEN2Δ30 was mainly directed to epitopes centered on EDIII because rDENV4/2 displaying EDIII from DENV2 was neutralized to the same level as the parental DENV2.
Discussion
Strong neutralizing antibodies play an essential role in viral clearance and thereby contribute to long-term protection in DENV infection [31] . However, the evolution of these rare neutralizing antibodies is poorly understood. Using a unique human DENV2 infection model, we have provided a longitudinal analysis of the continuum of the B cell response to primary DENV infection. Overall, we found that the functionality in terms of DENV2 serotype-specificity is conserved from the acute plasmablast response through the convalescent MBC and serological compartments (likely reflecting LLPC-derived antibodies). We propose that this framework to track the development of DENV-specific B cells, including those that produce serotype-specific antibodies, will be useful for evaluation of live attenuated DENV vaccine candidates, and to aid in deconvoluting the complex serology often found in natural infection.
During an acute secondary DENV infection, the plasmablast response can comprise a substantial fraction (36-95%) of the total CD19 + B cell response [19, 35] . In our DENV2 primary infection model, we observed an average plasmablast peak of 6.0% of the total B cell population. Our results are similar to a recent study reporting a plasmablast peak of 2.5% of peripheral B cells among people exposed to Zika as a primary flavivirus infection [62] . In another study of 84 patients with laboratory-confirmed primary or secondary DENV infections, the magnitude of plasmablast response was substantially greater in secondary compared to primary infections [35] . These studies suggest that primary flavivirus infections elicit a lower plasmablast response compared to secondary infection. The higher response in secondary DENV infection may be due to a recall response upon encounter with similar DENV antigens. Another possibility arising from the association of the plasmablast response and viremia, shown here and elsewhere, suggests viral replication as a putative deterministic regulator of the B cell response [19] . It will be essential to determine whether low replication level of a tetravalent live attenuated dengue vaccine viruses compared to the rDEN2Δ30 challenge virus [41, 63] , predicts a modest plasmablast response. It is also possible, however, that the simultaneous administration of four viruses elicits a plasmablast response distinct from natural infection or primary challenge with rDEN2Δ30. Plasmablast expansion to DENV2 infection may be the manifestation of multiple immune activation mechanisms acting on the B cell compartment. During acute DENV infection myeloid cells such as monocytes stain positive for the NS3 antigen which marks replicating DENV [64] . Activated CD14 + CD16 + monocytes have been connected to plasmablast differentiation and proliferation [59] . Additionally, direct interaction between DENV and B cells without surface B cell receptor/ immunoglobulin engagement could also lead to global activation of B cells. Serum neutralizing antibodies against DENV2 developed in all subjects following the transient plasmablast response, suggesting an antigen-specific activation of the B cell response. In line with this, nearly half the plasmablast lineages tested produced antibodies that bound to DENV2. Moreover, the paired IGH/IGL repertoire analysis of the plasmablast response revealed that over half of blood plasmablasts belong to lineages exhibiting evidence of clonal expansion. We also observed evidence of expanded convergent lineages among three subjects. The overall level of DENV2-binders identified, the clonality and shared lineages across subjects suggested the plasmablast proliferation was driven by cognate DENV antigens besides by purely bystander effects.
To estimate the degree of antigen-specificity of the plasmablast response, we characterized a panel of mAbs derived from a broad array of lineages comprising large, small, and convergent lineages. Using DENV binding ELISA we determined that 45% of the produced mAbs were DENV-specific. There are some limitations to our analysis. First, our approach did not fully cover the plasmablast landscape. The selected 92 lineages for antibody expression, though representing about 76% of the plasmablasts in all expanded lineages (741 of 978 cells), represented 44% of all plasmablasts sequenced. We reasoned that expanded lineages (representing 978 of 1690 total cells) would have a high likelihood of exhibiting DENV-specific activity when expressed. However, it is possible that some of the singleton lineages (n = 712) could be DENV-specific. Finally, only one antibody clone from each of these 92 lineages was selected for analysis. Continued effort is underway to characterize additional clones from these expanded and single plasmablast lineages to further refine our estimation of antigen-specificity in the plasmablast response. Since we tested mAbs from lineages representing 76% of those with evidence of expansion, and found that 45% of these bound DENV, our analysis suggests that at least 34% of the plasmablasts in lineages that expanded in response to primary rDEN2Δ30 infection are antigen-specific. We further refined the specificity, antigenic regions, and functional properties of our mAb panel derived from primary rDEN2Δ30 infection. Screening for serotype cross-reactivity revealed that 68% of the plasmablast-derived mAbs recognized the infecting DENV2 serotype exclusively, and the remaining fraction showed cross-reactivity to DENV2 and at least one other serotype. Most of the serotype-specific antibodies targeted quaternary epitopes on intact virions, rather than simple epitopes on the viral E protein. This is contrary to a report on plasmablast-derived antibodies following secondary dengue infections where these antibodies were mainly cross-reactive and targeted simple E monomer epitopes and not complex epitopes [40] . We found DENV2-specific mAbs with functional activity similar to the mAb 2D22 isolated from natural infection [25, 61, 65, 66] but also mAbs whose specificities could not be mapped to these epitopes or even to EDIII, suggesting the possibility that our panel of mAbs target uncharacterized DENV2 specificities. Five out of 41 DENV-reactive mAbs neutralized DENV2; indicating that neutralizing activity observed in serum may rely on only a small fraction of DENV-specific B cells despite the broad binding activity of the total repertoire. This finding and new DENV2-specific mAbs augment our repertoire of DENV2-specific reagents and may provide new insights to DENV2 neutralization mechanisms in addition to the few currently known DENV2-specific neutralizing mAbs [25, 65, 66] . We recently showed that DENV1 passaged by laboratory cell lines were structurally immature and hypersensitive to neutralization by human antibodies, particularly those that are heterotypic, as compared with DENV1 circulating in human subjects [67] . With the caveat that the same notion remains to be tested for DENV2, we posit that the type- Fig. 6 . The properties of convalescent serum neutralizing antibodies following DENV2 infection. (A) 6 months after infection, sera from the three subjects were tested against DENV1-4 in a neutralization assay. (B) Sera from time points at day 0, 56, and 180 from the three subjects were tested for ability to neutralize DENV2 Tonga/74 (challenge strain, American genotype) and New Guinea C (Asian genotype II) in a microneutralization assay. For A and B, dotted lines indicate the lowest serum dilution factor used (1:10) in the neutralization assays and also the threshold above which a serum titer is considered positive. (C-E) 6 months post infection sera were depleted of antibodies binding to DENV2 antigen or DENV1 antigen. Control depletions were performed using bovine serum albumin as an antigen. Results presented here are from 2 technical replicates in one experiment. Neutralization curves are against DENV2 antigen for each subject. Each point in the neutralization curves represents the mean neutralization value from the two replicates, and the error bars depict the standard deviation. Dotted lines depict 50% neutralization. (F) All the three subjects develop DENV2 serotype-specific antibodies that mainly contribute to DENV2 neutralization. specific DENV2 mAbs found here will neutralize circulating DENV2, while cross-reactive DENV2-binding antibodies may not.
It was striking that a high level of plasmablast-derived DENVspecific mAbs exhibited DENV2 strain specificity (towards DENV 2 Tonga/74). At the time of the epitope mapping work, only the recombinant antigens based on the WHO DENV2 strain (S16803) were available which directed our analyses to mAbs that bound S16803 strain. Based on recent publications regarding differential neutralization abilities of antibodies against different genotypes or strains within a serotype and failure of vaccines against genotypic variants [26, 68] , it is important to understand the epitopes targeted by these strain-specific antibodies and how this may change over time. However, this DENV2 strainspecificity was not seen in MBC (data not shown) (Fig. 6B) , indicating that the memory response is broader than the plasmablast response. These observations suggest that it could be an intrinsic property of the plasmablast response to focus on the infecting DENV strain, while MBC may evolve to maintain broader specificity. Two limitations of our study are the small number of subjects in which we characterized the plasmablast and memory response to primary rDEN2Δ30 infection and that rDEN2Δ30 is a model of primary dengue infection. Nonetheless, Purtha and colleagues have reported on similar differences in the breadth of plasmablast and MBC compartments in a mouse model of West Nile virus infection [69] .
The presence of antigen-specific MBC in circulation is one of the markers of long-term antiviral adaptive immunity [70] . To further interrogate the B cell response generated by primary DENV2 infection, we analyzed the DENV-specific repertoire of immortalized MBC 6-months post-infection. Across the three subjects we estimated an average of 0.4% of the immortalized MBC pool to be DENV-specific compared to 0.5-8.1% reported for secondary DENV infections by Appanna and colleagues [40] . Our estimate was also similar to a reported frequency (0.39%) of DENV-specific cells in the MBC pool following primary natural DENV infection and higher than the estimate from vaccination (0.08%) of immortalized MBC [71] . This level of antigen specificity in the MBC pool compared to natural infection supports the applicability of rDEN2Δ30 for use as a physiologically relevant, but safe challenge virus [41, 42] .
In studies of natural infection, the DENV-specific MBC response has been characterized as overwhelmingly cross-reactive [25, 28, 66, 71] . We find here that, similar to the plasmablast response, the MBC response to primary rDEN2Δ30 infection was biased towards DENV2 serotype-specificity. A possible explanation for this discrepancy may be the timepoints after infection at which MBC were studied;we immortalized MBC six months after infection, whereas previous studies utilized natural infection samples collected several years to decades after infection. Also, definitive determination of DENV exposure status in natural infection may be inexact. It is also possible that the MBC and serological response further converge after many years due to population of the LLPC compartment being replenished with MBC-derived clones over time [72] .
Regarding the possibility of clonal overlap between the plasmablast and MBC compartments, we performed IGH/IGL sequencing on MBC from one of the subjects and identified four distinct lineages based on CDR3 sequences. We did not find these lineages in the plasmablast repertoire from the same subject. One possibility can be attributed to the limited number of unique MBC sequences isolated from that subject. Another possibility is that there might be little sharing of clones between the plasmablast and the MBC arms, implicating different sources of these clones during B cell development and differentiation. Indeed, Appanna and colleagues reported that plasmablasts during acute secondary DENV infection represent a small subset of the MBC pool [40] . Additionally recent work by Ellebedy and colleagues indicated that the activated B cell subset was phenotypically, transcriptionally, and functionally distinct from plasmablasts and contributes to the MBC pool to a greater extent than does the plasmablast pool [14] .
The predominance of the serotype-specific response observed in the plasmablast repertoire was also corroborated in the serological data. Within 4 weeks following the infection, our subjects developed serum neutralizing antibodies against DENV2 but not DENV 1, 3 and 4, indicating that primary DENV infection in flavivirus-naïve subjects resulted in a homotypic neutralizing response focused on the infecting serotype. This is consistent with our work and that of others showing the importance of serotype-specific antibodies and their contribution in serum neutralization activity in natural infection [6, 26, 73] . This serological response was sustained into convalescence at 6 months post-infection despite the short-lived nature of the plasmablast population. The unique insight afforded by use of challenge model specimens was that the early B cell response to DENV infection contributes to the pool of longlived plasma cells that produce serum antibody.
In summary, we defined the temporal and specificity characteristics of the early B cell response to primary DENV2 infection and showed that these early antibodies produced by acute stage plasmablasts functionally overlap with those produced in the long-term MBC and LLPC compartments. With the caveat that this study was done in a small number of subjects, our results help to further validate the rDEN2Δ30 human challenge model of primary DENV infection, as has also been done by analysis of the T cell response [74] . Next, our data linking plasmablast peak response with viremia may also provide a secondary means of indirectly monitoring viral replication in vivo, which will be important in the continued development of live attenuated dengue vaccines. In the context of both natural DENV infections and live attenuated vaccines, by profiling the acute stage plasmablast response, it may be possible to link viral replication with early plasmablasts and potentially identify protective responses at the cellular level. We propose that the framework presented here may be useful for its capacity to identify novel immune response patterns, many of which phenocopy events seen in natural infections, and to predict the quality and durability of longterm antibody responses to vaccination.
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